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Abstract

Smooth pursuit eye movements (SPEMs) and saccadic eye movements are both commonly impaired following sport-

related concussion (SRC). Typical oculomotor assessments measure individual eye movements in a series of restrictive

tests designed to isolate features such as response times. These measures lack ecological validity for athletes because

athletes are adept at simple tasks designed for the general population. Yet, because eye movement metrics are sensitive

and well-characterized neuroanatomically, it would be valuable to test whether athletes exhibit abnormal eye movements

with more challenging tasks.

To address this gap in knowledge, we collected eye-tracking data during a sport-like task to gain insight on gaze behavior

during active self-motion. SPEMs and saccadic eye movements were recorded during a sport-like visual task within 24–

48 h following SRC. Thirty-six Division I student-athletes were divided into SRC and control (CON) groups. All par-

ticipants completed two blocks of the Wii Fit� soccer heading game (WF) while wearing a monocular infrared eye tracker.

Eye movement classification systems quantified saccadic amplitude (SA), velocity (SV), and count (SC); as well as SPEM

velocity (SPV) and amplitude (SPA). Separate Mann-Whitney U tests evaluated SPA and SC and found no significant

effects (SPA, p = 0.11; SC, p = 0.10). A multi-variate analysis of variance (MANOVA) for remaining variables revealed

SPV was significantly greater in CON ( p < 0.05), but the SRC group had greater SA and SV ( p < 0.05). These findings

suggest that during a sport-like task, to maintain foveation SRC subjects used larger amplitude, faster saccades, but exhibited

slower SPEMs. Measuring oculomotor function during ecologically valid, sport-like tasks may serve as a concussion

biomarker and provide insights into eye movement control after SRC.
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Introduction

Sport-related concussion (SRC) remains a major public

health concern.1 The neurological signs and symptoms of

concussion vary by the mechanism of the blow (e.g., car accident

vs. a head-to-head football tackle), and can be transient and sub-

tle.2,3 As such, it is recommended that clinicians rely on a battery of

assessments to define the specific clinical presentation of each SRC.

These clinical presentations are commonly based on the most

prevalent signs and symptoms that an athlete experiences post-SRC

and can range from physical (i.e., headaches, dizziness), cognitive

(i.e., attention, memory), affective (i.e., depression, anxiety), and

sleep-related abnormalities, which can aid in determining the

clinical profile of the injury.2–4 Recently, measurements of the

visual system using symptom reporting5,6 or direct measures of

oculomotor control7–12 have begun to play a more vital role in the

diagnosis of SRC.13,14 Functional magnetic resonance imaging

(fMRI) research points to increased activity in networks controlling

eye movements, specifically the frontal eye fields and the cerebellar

vermis,15 after SRC.16,17 Further, the brainstem, which includes the

midbrain, has recently been implicated as a site of potential axonal

damage from SRC.18,19 These changes in brain activity or the

presence of damage may persist beyond 30 days post-injury but

more importantly, eye movement abnormalities such as the eye

lagging behind stimuli during pursuit9,20 can persist even after

other symptoms resolve. Although these persisting abnormalities,

which are readily seen with electroencephalogram (EEG),21 cog-

nition,22 and postural stability,23 are not commonly considered
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when making clinical decisions, clinicians should be aware of the

potential that patients may have lingering issues that could lead to

decreased performance in activities of daily living.

Assessments of the visual system range from clinical tests such

as the Vestibular Ocular Motor Screening Exam (VOMS)5,6 to the

use of eye-tracking technology7–10,24,25 to measure specific eye

movement deficits following trauma. Although symptom provo-

cation via the VOMS5,6 remains a cornerstone for immediate di-

agnosis of SRC, it relies on subjective changes in symptom scores.

At times, it is important for clinicians to have access to objective

neuromechanical tracking of eye movements to ascertain which are

impaired.

Among studies using video oculography to assess smooth pur-

suit eye movements (SPEMs), the ability to smoothly track an

object traveling less than 30 degrees/sec demonstrates that those

with SRC lag behind a moving target,9,20 have asymmetry in

conjugate eye movements,11,12 have increased initiation latency,11

have few saccadic interruptions during pursuit,20 and show greater

variability in tracking accuracy.20 Similarly, in this population,

saccadic eye movements, the ballistic eye movements serving to

shift foveation, are greater in number,7,8,17,26 are poorly controlled,

and/or have variable amplitude and velocity.7–10,26–28 However, the

saccadic eye movement deficits are highly dependent upon the task.

For example, during antisaccade tasks, where commonly the pre-

sentation stimuli occurs on a left or right side off-center and the

participants are instructed to move their eyes in the equal and op-

posite direction of the stimuli,10,11 SRC saccades have greater ve-

locity.10 Yet, during self-paced saccades in which participants

complete as many as possible saccades for a set amount of seconds

between two stationary targets off-center, SRC have lower veloc-

ities compared with controls.10 Thus, the presentation of the stimuli

can heavily influence the saccadic outcome. To the authors’ best

knowledge, no research exists examining SPEMs and saccades

during an unrestricted sport-like task. This is partially due to

technology deficiencies and the difficulty of correctly classifying

the eye movements during these tasks.

Recent developments in eye-tracking technology such as the

EyeLink (SR Research), Pupil Labs, and EyeGuide Focus allow

measurement of oculomotor behavior without restricting partici-

pants’ mobility.29 Whereas traditional methods9,10,25 require being

seated and an immobilized head/body, advances now permit active

self-motion during eye tracking. This is particularly important in

SRC research as it provides researchers the ability to measure eye

movements during more challenging ecologically relevant sport-

like behaviors. In our previous research in this area,7,8 we dem-

onstrated that during a sport-like task patients with a SRC had

greater gaze resultant distance and mean horizontal velocity. This

research is promising because of the sensitivity of eye movements

and their well-characterized neural mechanisms30,31 but provides

little insight into the quality of SPEMs and saccades. The ability to

perceive motion is linked to the execution and quality of SPEMs,

whereas saccades select regions of interest with the most visual

information to center the retina on an object to allow for further

pursuit.32 If either of these eye movements is abnormal, it may

result in a decline in motion perception.32 Thus, it is now critical to

determine more precisely which aspects, specifically SPEMs and

saccades, of eye movements are abnormal after SRC during sport-

like tasks. This may provide insight regarding where neural dis-

ruption is occurring following SRC.

Therefore, the purpose of this article was to investigate smooth

pursuit and saccadic eye movements during a sport-like visual task

within 24–48 h following SRC. Based on prior data,7–12 we hy-

pothesized that SRC would have slower smooth pursuit amplitude

and velocity. Similarly, we hypothesized that saccades would be

higher in count along with having greater amplitude and velocity.

Methods

Participants

Thirty-six Division I student-athletes (18 SRC and 18 nearly
matched controls) participated (age: 18 – 1 years; gender: 7 male, 9
female; height: 174 – 11 cm; weight: 72 – 20 kg). Participants were
divided into two groups: 1) those who were diagnosed with an acute
SRC within 24–48 h, and 2) a nearly matched control (CON) group
(sport, position, age, sex). The concussion diagnosis was deter-
mined by the head team physician within 24 h of the incident using
somatic, cognitive, or physical self-reported symptoms following
an appropriate mechanism (head or body trauma), as well as the
Sport Concussion Assessment Tool-5th edition (SCAT5).3,33

All student-athletes were recruited to participate in this study via
a collaboration between the testing facility and the sports medicine
staff. These data were collected alongside a larger research study,
which the student-athletes participated in on a volunteer basis.
Student-athletes were excluded if they self-reported any pre-injury
vestibular, visual (excluding corrected myopia or hyperopia via
lenses), metabolic, neurological pathology (excluding the existing
concussion), attention deficit hyperactivity disorder, learning dis-
abilities, and lower-extremity injury that impaired the ability to
maintain upright stance. All student-athletes self-reported being
able to clearly see and discern the visual stimuli. All participants
signed informed consent documents and all protocols were ap-
proved by the University of Nevada, Reno Institutional Review
Board.

Procedures

Participants completed two blocks (&2 min per block) of the
Wii Fit� soccer heading game (WF) while wearing a head-mounted
monocular eye tracker (H7, 240 Hz, 0.05 degrees precision; Ap-
plied Science Laboratory, Medford, MA). The full procedure of this
examination has been published in detail in prior articles.7,8 Before
the task a 9-point calibration procedure was completed. Stimuli
were presented on a 55-in LED TV (48.82 · 28.62 in, 1920 x 1080
pixels, Sharp Aquos HD LED Smart TV; Sharp Electronics Corp.,
Mahwah, NJ) with the individual 55 in from the screen standing on
a Wii Balance Board�. Participants were instructed to interact with
the approaching stimulus (soccer ball, 1.25 Hz) while avoiding
distractors (panda heads and cleats). Stimuli traveled a total hori-
zontal displacement of 472 pixels (*21 in). Game score was not
incorporated in analyses due to the presence of a lower ceiling
effect.

Data analysis

Saccade analysis. Gaze coordinates (eye + head) were ex-
ported to MATLAB R2018a (MATLAB 2010; MathWorks, Inc.,
Natick, MA). The data were transformed into azimuth and eleva-
tion. Next, we applied a 5 data-point linear interpolation and a 13
sliding data-point boxcar filter. The filtered data were then differ-
enced across 50–83 msec temporal windows, to identify saccade
end-points and determine durations.34 These data were categorized
into individual vectors that corresponded to the temporal window
(i.e., gaze data at 50-msec window, 51-msec window, 52-msec
window .80-msec window). These differenced saccadic data
were included if they were within a predefined dispersion threshold
(4 degrees £ amplitude ‡30 degrees).34,35 From these data, velocity
data were calculated as the differenced dispersion datum (at each
individual temporal window vector) divided by the temporal win-
dow length (i.e., 50–83 msec) of that trial. These data were then
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filtered via a velocity threshold (75 degrees/sec £ velocity ‡500
degrees/sec).34,36 The velocity data from each temporal window
were then concatenated into a 34-by-n matrix. An average was
calculated across each column to obtain a 1-by-n vector of velocity
data.

The same process was conducted for the amplitude data. From
this, mean saccadic velocity (SV) was calculated as the average
velocity across the vector, whereas mean saccadic amplitude (SA)
was calculated as the average amplitude across the vector. Saccadic
count (SC) was calculated as the length of each SV array. Typically,
SV should be slower and less accurate in disease populations such
as Parkinson’s37; however, in SRC9–11 this is not always the case
and is highly dependent upon the task. It is expected based on our
prior research7,8 that the eye typically travels farther and faster
during a sport-like task among those with an SRC compared with
healthy controls. This may be a result of faster saccadic eye
movements. Thus, increased SV is an expected abnormal outcome.

Smooth pursuit analysis. The filtered azimuth and elevation
data were parsed to exclude data below the temporal window
threshold (<30 msec); this removed microsaccades and fixa-
tions.34,38 Because SPEM does not have a set amplitude threshold,
10–30 msec temporal windows also removed amplitudes below
0.66 degrees to filter out fixations and saccades.34,38 A velocity
threshold permitted data with velocities between 10 degrees/sec £
and ‡30 degrees/sec.34,39,40 We calculated mean SPEM velocity
(SPV) and mean SPEM amplitude (SPA) across the data time se-
ries. SPV was calculated as the average SPEM velocity across the
vector, whereas the SPA was calculated as the average amplitude
across the SPEM SPA vector.

SPEMs are commonly less accurate (worse or smaller velocity
gain),11,20 lag behind the stimuli,9,20 have increased initiation la-
tency,11 and have few saccadic interruptions during pursuit.20 For
analysis of these data, because we are unable to calculate gain
(stimuli velocity is unknown) we expect in the SRC group slower
SPV as the eye may be lagging behind the stimuli.

Statistical analysis

Data were examined to ensure they conformed to normal dis-
tributions and were without influential skewness or kurtosis. After
review, SPA and SC were considered non-normal for the SRC
group. Therefore, two separate Mann-Whitney U tests were run to
assess group differences (SRC, CON) for SPA and SC. A single
multi-variate analysis of variance model (MANOVA) was used to
assess group differences for the remaining measures of interest:
SPV, SV, and SA. In the event of a significant interaction, the
simple main effects for direction were tested based on independent t
tests with appropriate Holm-Bonferroni corrections.41 All trials
were averaged to get aggregate values for measures used. Sig-
nificance was set at alpha = 0.05 for all analyses.

Results

Neither SPA (U = 112, p = 0.114; SRC = 1.84 – 0.99 degrees,

CON = 1.40 – 0.178 degrees) (Fig. 1) nor SC (U = 110, p = 0.103;

SRC = 14.50 – 7.78, CON = 10.31 – 6.52) were significantly dif-

ferent between groups. The MANOVA resulted in a significant

omnibus effect of group (F3,32 = 4.93, p = 0.006), wherein SPV

( p = 0.019; SRC = 14.24 – 2.31 degrees/sec, CON = 17.86 – 5.75

degrees/sec, Cohen’s d = 0.83) (Fig. 2) was significantly greater in

the CON group, and SA ( p = 0.008; SRC = 9.19 – 2.52 degrees,

CON = 7.39 – 1.14 degrees, Cohen’s d = 0.92) (Fig. 3) and SV

( p = 0.009; SRC = 139.81 – 25.76 degrees/sec, CON = 120.39 – 13.36

degrees/sec, Cohen’s d = 0.95) (Fig. 4) were significantly greater in

the SRC group.

Discussion

The purpose of this study was to investigate smooth pursuit and

saccadic eye movements during a sport-like visual task within 24–

48 h following an SRC. These findings expand on our prior re-

search,7,8 wherein during a sport-like visual task we observed

greater overall horizontal and vertical gaze amplitude and velocity.

It is important to understand what visual strategies SRC individuals

use to perceive visual moving stimuli and what specific eye

movement deficits are interrupted following SRC. This may lead

to the development of a deeper understanding of how athletes

engage in sport-like tasks and what oculomotor control abnor-

malities are present. These findings may drive future clinical as-

sessments that are not symptom based, such as the VOMS,5 which

could lead to targeted rehabilitation of particular impaired eye

movements.24,42,43

The key findings of this study are that SRC had greater SA and

SV, whereas CON had greater SPV. These findings suggest that

FIG. 1. Sport-related concussion (SRC) and matched control
smooth pursuit eye movement amplitude during the sport-like
visual task.

FIG. 2. Sport-related concussion (SRC) and matched control
smooth pursuit eye movement velocity during the sport-like visual
task. *p = 0.019.
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during a sport-like task, there were group differences in oculomotor

behaviors. This is similar to prior research reporting abnormal

oculomotor behavior in SRC groups such as the eye lagging behind

a target during pursuit10,20 and increased saccadic velocity.7–10,26,27

However, this is the first study to provide evidence of abnormal

oculomotor control following SRC during a sport-like task where

SPEMs and saccades are both required to complete the more nat-

uralistic visual task.

Smooth pursuit eye movements

It was hypothesized that the SRC group would have lower SPA

and SPV when compared with CON. This hypothesis was partially

supported as SPA was not different between groups, although the

SRC had significantly lower SPV. Thus, for both groups their eyes

moved approximately the same average distance for left and right

horizontal directions, but CON movements were faster. This is

consistent with prior research9,10 showing that SPEM typically

lagged among those with concussions during standard smooth

pursuit tasks when compared with healthy controls.

Lag was not directly calculated in the current study as the stimuli

velocity was unknown; however, it can be speculated that slower

SPEM velocities in the SRC group may indicate that the eye is

traveling farther behind the stimuli, whereas the CON subjects were

able to consistently maintain foveation on the desired target. Fur-

ther, the current study’s stimuli were more challenging because

they were unpredictable, and required target selection and sustained

attention.44,45 Decreased attentional resources are caused by con-

cussion10,27,46 and may be associated with inaccurate eye move-

ments28,44; this may aid in explaining the slower SPV in the SRC

group. Although attention was not directly measured in the current

study, as a common symptom it could have hampered pursuit ini-

tiation due to the presence of the conflicting motion stimuli (i.e.,

other balls, shoes, or pandas in the visual scene).32 This may ex-

plain the reduced SPEM velocities and the increased saccadic

amplitudes and velocities in the SRC group. This could be a result

of poor integration of the temporal data where SRC need additional

catch-up saccades to reduce retinal slip during pursuit.

The lagging of SPEM behind targets is consistent with prior

literature and may account for the finding of decreased SPV in the

SRC group. To account for this lagging of SPEM, SRC may require

more saccadic eye movements to update the motion of the target on

the retina during object tracking rather than using smooth pursuits.

During object tracking, a combination of smooth pursuit and sac-

cadic eye movements supports foveating the target.25,47 Success is

dependent upon the stimulus velocity and once a lag is detected or

an object moves faster than &30 degrees/sec, a catch-up saccade is

initiated to maintain the target on the fovea.39 Once a saccade is

completed, SPEMs continue to track the object until additional

saccades are needed to avoid the target leaving the fovea and to

minimize retinal slippage.32 Thus, SRC may adopt a visual strategy

during object tracking involving larger catch-up saccades to return

the image of the stimuli to the fovea to compensate for the reduced

SPEM gain. This is speculative, as the specific stimuli position and

velocity were not known in the current study and future research is

needed that assess this claim.

Saccadic eye movements

It was further hypothesized that the SRC group would have

greater SC, SA, and SV when compared with CON. This hypothesis

was partially supported as SA and SV in the SRC group was sig-

nificantly greater than in the CON group, whereas SC was not.

These findings indicate that SRC had larger, more rapid saccades

but the same number of saccades. This is in partial agreement with

prior research showing increased saccadic velocity7–10,26,27 and the

number of saccades is typically increased7,8,17,26 following SRC.

The lack of significance in our SC data may be due to the SRC eye

movements lagging behind the objects due to slower SPV. This

would then require larger amplitude saccades to bring the object

back into focus on the fovea but may not lead to greater SC.

Overall, by examining the greater SA and SV with the reduction

in SPV it can be suggested that the SRC group may have had an

inability to properly track objects in a scene and required increased

active updates (saccades) to keep an image centered on the fovea.

This might indicate that SRC subjects were emphasizing accuracy

more than speed to complete the task. The task required participants

to move their body to direct the on-screen avatar into the path of the

target virtual visual stimulus. In the presence of an impairment such

as SRC, a reduced response time and/or motor abnormalities begin

to appear during challenging tasks that require a cognitive and

motor component.46,48 In fact, an increased working memory load

FIG. 3. Sport-related concussion (SRC) and matched control
saccadic eye movement amplitude during the sport-like visual
task. *p < 0.05.

FIG. 4. Sport-related concussion (SRC) and matched control
saccadic eye movement velocity during the sport-like visual task.
*p < 0.05.
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during smooth pursuit tasks makes SPEMs variable and less ac-

curate after concussion.46 This suggests that during more chal-

lenging tasks, eye movements become less controlled during

attentionally demanding tasks.

This speed-accuracy trade-off is actively controlled by many

areas of the brain involved in eye movements such as the frontal eye

field,49–51 relayed through the basal ganglia52 with cerebellar inputs

for timing.53–55 Further, saccadic eye movements can be modulated

by task conditions that can either increase or decrease the saccadic

accuracy.56–58 Thus the slower SPV followed by larger and faster

saccade in the current study could be a reflection of a speed-

accuracy trade-off. This may be caused by the extra concentration

of glutamate present in the neurons within the superior colliculus

following concussion.59 This area is important for the initiation of

saccades and excess of glutamate may elicit greater saccade am-

plitude and velocity.60 Alternatively, the pars reticula of the sub-

stantia nigra maintains constant tonic gamma-aminobutyric acid

(GABA)nergic inhibition on the superior colliculus.61 Poor control

on the superior colliculus could lead to deleterious eye movements,

such as the timely and transient cessation of saccadic initiation.61

These findings are speculative as this study did not directly measure

the concentration of glutamate, but they do provide some neuro-

physiological context behind the abnormal saccadic behavior ob-

served in this study.

Clinically, the results of this study may provide a basis for how

medical professionals can approach using sport-like stimuli as an

effective way to diagnosis and measure recovery of SRC. Sport-like

tasks attempt to replicate on-field situations that are safe and ef-

fective to measure. These ecologically valid tasks, such as the one

in this article, may provide a more effective way of measuring if an

athlete is ready to return to play, unlike assessments that only

measure a single domain without regard to holistic systemic

function. Unfortunately, the technology required to complete this

particular task is expensive; along with the diagnostic validity be-

ing unknown, caution must be recommended for immediate im-

plication of this task. Future research should begin to explore

diagnostic accuracy along with ways to reduce the cost of such

assessments.

This study is not without limitations. First, the visual stimuli

used were not controlled by the researchers. Thus, we were unable

to calculate measures of saccadic or smooth accuracy (gain). Thus a

key measure of interest, accuracy, remains unknown. Future re-

search should study eye movement deficits following SRC during

more ecologically valid tasks while having full control over the

visual stimuli to assess accuracy of the eye movements. Second,

this study used an eye tracker that sampled up to 240 Hz. Saccadic

eye movements can extend into the 500 Hz bandwidth,60 thus our

data may be subject to false line movements, which were mitigated

as much as possible with the filtering techniques. Unfortunately, no

known head-mounted eye tracker exists that can sample above

500 Hz, yet we attempted to reduce any errors with the lower

sampling frequency by using linear interpolation of the eye data.

Future research should incorporate higher-sampling head-mounted

eye-tracking technology.

Third, our participant sample included individuals who are ex-

posed to repetitive head impacts (i.e., American rules football

players). Some recent evidence suggests that visual accommoda-

tion62,63 may decline in players after a single athletic season of

repetitive head impacts. These repetitive head impacts were not

quantified or controlled for in the current study. Future research

should examine if those who incur repetitive head impacts and

suffer a concussion have greater visual system deficits following

acute SRC. Fourth, no objective visual disturbances or vestibular

impairment data were available at the time of testing. Future re-

search should include these data to determine if these oculomotor

impairments are subject to existing symptom-based issues. Fifth, no

behavioral data were collected from this sport-like task due the

presence of a lower-ceiling effect and an inability to control for

those who were simply poor at the task but had sufficient oculo-

motor data. Future research should incorporate behavioral data

alongside these important oculomotor findings. Lastly, the total

amount of prior concussions was not controlled for in the current

study. Future research should evaluate how multiple concussions

may negatively impact oculomotor control.

Conclusions

This study is one of the first to provide evidence of abnormal

SPEMs and saccades during a sport-like task. The most important

findings are that SRC subjects had greater SA and SV, whereas

CON subjects had greater smooth pursuit velocity. These findings

suggest that during a head-free task, those with SRC may require

larger and faster saccadic eye movements to update the retina on the

moving object rather than relying primarily on smooth pursuits, but

this could be dependent upon the stimuli velocity. It is critical for

those involved with the management of SRC to be aware of these

potential oculomotor deficits to properly measure and track re-

covery from SRC.
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